and many others have published fault interpretations in the Piceance Basin. There are two significant differences between these past interpretations and this interpretation. The first main difference is that most of the previous research has focused on basin to field scale interpretations. This interpretation is over the reservoir interval of a relatively small 3-D multicomponent survey (~1.5 x ~1.5 mile). The other difference is that all the previous interpretations were done from p-wave seismic. This interpretation is from shear wave seismic. These two differences make this work significantly different. This fault interpretation is primarily from the slow shear (S2) volume.
Shear-wave seismic acquired at Rulison Field, Piceance basin, Colorado in 2003 exhibits evidence of faults and natural fractures from reflection discontinuity and shear-wave splitting analysis. Rulison Field is a thick unconventional natural gas reservoir producing from the fluvial tight gas sandstones of the Late Cretaceous Williams Fork Formation.
Fault interpretations made from Multicomponent seismic data clearly show near vertical faults in the lower reservoir Cameo Coal interval that strike in a north-northwest direction. The shear-wave (s-wave) seismic shows better evidence of faults propagating upward through the main reservoir interval than the p-wave. Borehole image logs confirmed these faults. These faults splay upward into the reservoir as flower structures that create fault zones and control natural fracturing within the reservoir.
Natural fractures were observed from s-wave splitting. Since the reservoir is more than a wavelength thick, s-wave splitting calculations were done on seismic volumes as opposed to the traditional horizon-based approach. This process resulted in s-wave splitting volumes that correlate with image log fracture interpretations and anisotropy logs from cross-dipole sonic logs. These volumes show spatial and vertical variations in the degree of s-wave splitting that are geologically reasonably and can ultimately be used to optimize well locations and drilling efficiency.
Multicomponent seismic has not traditionally been used in unconventional tight gas sand reservoirs. Rulison Field, Piceance Basin, Colorado is a thick tight gas sand reservoir that is heavily faulted and fractured. This field was chosen because of these characteristics by the Reservoir Characterization Project (RCP) research consortium at Colorado School of Mines to research the ability of multicomponent seismic to detect faulting and natural fracturing. This paper presents the results of this research from the nine-component 3-D seismic survey that was acquired in the field in 2003.
One of the main goals of this research is to use the multicomponent seismic to optimize natural gas production in the field. Natural gas production in this area of the Piceance Basin is known to be controlled by natural fractured zones. Therefore, finding the naturally fractured zones is one of the main ways to optimize production in this field. The natural fracture density increases near reservoir faults which makes locating the faults equally important. Identifying reservoir level faulting from traditional p-wave survey has been relatively unsuccessful in the past. This research uses multicomponent seismic for structural fault interpretation and s-wave splitting analysis for natural fracture identification. Figure 6 shows a deep fault that has splayed at a lower level and propagated up through the reservoir. This fault was not apparent in the p-wave data and appeared to have tipped out at this depth. The S2 volume resolves the fault and the splay at this level and through most of the reservoir revealing other resolvable splays and a flower structure fault of faults through the reservoir. The main deep fault splays from the lower reservoir level up into the main reservoir. This fault is picked through the reservoir interval as a 3-D fault plane with 3 splays. Figure 7 shows a 3-D image of the fault planes from the below the reservoir zone where only the main fault and propagating through the reservoir showing the splays as they branch off the main fault. This image demonstrates that the main fault splays into high angle faults through the reservoir. The movement on these faults is interpreted to be left-lateral with very little vertical reverse movement. This type of faulting is best fits the model of a strike-slip flower structure fault.
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Figure 7 also shows the intersection of wellbore Well 1. Well 1 has image and anisotropy logs that have been interpreted for faults and fractured. The yellow fault cuts Well 1 at a depth that the image log shows heavy fracturing and a fault cut in the main reservoir, and the red fault cuts Well 1 at heavily fractured area at the in the lower reservoir Cameo Coal zone. The interpreted fault cuts in this well and in the other well in the survey with image and anisotropy logs tie to the seismically interpreted faults. Also, the three wells in the high fold area of the survey with the highest estimated ultimate recovery's (EUR) all intersect these faults, and the three wells with the lowest EUR.s are significantly far away from these faults. This suggests that faulting is very important to well productivity likely because of the increase in natural fracturing near the faults. There are other wells that intersect these faults that are just average wells, but the lower production in these wells could be caused by ineffective hydraulic fracturing or fault formation damage. Similarity difference is calculated the same way that amplitude anisotropy is calculated ( figure 15 ). Similarity is an attribute that is typically used to detect heterogeneous areas often caused by faulting. Positive similarity difference is created when the S2 detects heterogeneities that S1 does not. Negative similarity difference is created when S1 detects heterogeneities that S2 does not. Therefore these heterogeneities are azimuthally anisotropy. This difference calculation is not nearly as sensitive to time shifting as impedance anisotropy and has the potential to be more accurate than impedance anisotropy. This volume also appears to respond to some of the stratigraphic changes in the reservoir (figures 16 & 17) . Figure 19 shows a time slice through the middle reservoir level from the similarity difference volume with some of the existing wells and their corresponding EUR values. Notice that the three wells with EUR's over 2.5 BCF are drilled through high areas with high positive similarity difference. These anomalies are likely fracture fluvial sand bodies that only the S2 is detecting. Also notice that the wells with the lowest EUR values are drilled through areas of low similarity difference. This map represents only a thin section of the reservoir. The similarity difference values change with depth as fracture density would be expected to change. However, none of the low EUR wells intersect areas with high similarity difference at any depth which means they likely did not intersect any fractured sand bodies like the high EUR wells. This seismic attribute volume can be used to predict the locations of fractured sand bodies. Many of the fractured the fractured sand bodies predicted by this volume have not been intersected by any of the drilled wells as of 2006 that are drilled at 10 acre spacing and shown in figure 19 .
Once the S2 volume was shifted into S1 time by the time difference calculations, volumetric differencing of impedance inversion volumes was calculated. The resulting volume is an impedance anisotropy volume that shows areas of high anisotropy where natural fracture zone exist. Since amplitude anisotropy is a higher resolution tool than time anisotropy, these volumes, which are created from impedance volumes in the similar way as horizon based amplitude anisotropy maps, are much more likely to accurately correlate to the well data through the reservoir level than the time anisotropy volumes. The primary drawback in calculating the impedance anisotropy in volumetric form instead of horizon based is that it is critical that the volumes are well matched in time. In the middle of the reservoir, the time shifting is not always perfect. However, the inability of the time shifting algorithm to match these areas just points out that these areas are anisotropic. Calculating the volumetric impedance anisotropy in these areas will result in high anisotropy values because the reflectors are not perfectly matched. Figure 14 shows a line of the impedance anisotropy volume at the location of Well 2 with the smoothed anisotropy log from Well 2 displayed. The color bars for the anisotropy seismic line and the well log are the same. This figure shows a decent correlation between the smoothed anisotropy log and the amplitude anisotropy seen in an intersection vertical seismic section. Notice that in certain locations the impedance anisotropy is high near areas where the anisotropy log is also high and the impedance anisotropy volume shows low anisotropy near areas where the anisotropy log also has low values.
The impedance anisotropy volume was also compared to the three high EUR wells and the three low EUR wells. Two of the three high EUR wells are located in areas of high impedance anisotropy, and two of the three low EUR wells are located in areas of low impedance anisotropy. The one high EUR well that did not intersect a zone of high impedance anisotropy was near a zone of high impedance anisotropy. The one low EUR well that intersected a zone of high impedance anisotropy is located in the lowest fold area of the high fold region used for this analysis and was not well matched in time possibly because of the semi low fold.
S-wave splitting analysis is a proven technique that is typically able to detect fractures large enough to create seismic scale anisotropy and is typically done in as a horizon based calculation. Martin and Davis (1987) give a good explanation of s-wave splitting anisotropy (figure 10). The thickness of this reservoir (~2500ft) and the complexity of the reservoir rock make typical horizon based S-wave splitting analysis of little value. This reservoir requires 3-dimensional analysis. A 2 dimensional map cannot accurately characterize the complexity of the reservoir and is forced to average so much detail that significant features are masked and often overlooked. The fracture mapping and interpretation that we have done is 3-dimensional. We have taken a 3-D volumetric approach to calculating the time, amplitude, and attribute differences between the fast and slow converted Three types of s-wave splitting anisotropy estimates were calculated volumetrically. The first, time anisotropy is nothing more than the time differences seen between the fast and slow volumes. This is the time shift that is applied to each individual sample in the S2 volume to match it to the S1 volume. The second, impedance anisotropy is the percent difference between the impedance values of the S1 volume and the S2 volume once they have been matched in time. The third, similarity anisotropy is analogous to impedance anisotropy in that it is the percent difference of the similarity attribute volumes created from the impedance volumes. The similarity attribute is akin to coherency and is a trace -to -trace window comparison of how similar surrounding traces are to each other.
Elizabeth A. LaBarre* and Thomas L. Davis, Colorado School of Mi Elizabeth A. LaBarre* and Thomas L. Davis, Colorado School of Mines nes
The 3-D S-wave volumes can detect faulting and fracturing that is seen in known well data. The faults interpreted in the S2 volume fit a wrench fault flower structure model and the seismically interpreted faults that intersect wells with known image logs and interpreted fault cuts have fault cuts at approximately the same depths. Therefore, S2 volume was able to image the structure in the reservoir. The main result from the s-wave splitting analysis and resultant anisotropy volumes is that the similarity difference volume correlates the best to well data. Specifically, the impedance anisotropy volume ties well to anisotropy well logs, but is likely affected by the time shifting algorithm. This volume also predicted showed high impedance anisotropy values in all two out of three high EUR wells and low in two out three low EUR wells. The similarity anisotropy volume has high anisotropy in all three high EUR wells and low in all three low EUR wells and ties well to the image and anisotropy logs. This means there is a 100% correlation between the similarity anisotropy volume and the well data. The similarity anisotropy volume detected known fractured areas best and has the potential ability to predict naturally fractured areas.
We would like to acknowledge the RCP for collecting the data used in this research, the RCP sponsors for funding this research, and Williams Production Company for providing the opportunity to do this research.
The natural fractures in Rulison Field are the principal control on well production (figures 11 & 12) An accurate way to predict where these fracture swarms exist before drilling has yet to be proven. Therefore, most wells are currently being drilled based on engineering statistics and spacing instead of targeting naturally fractured areas. Calculating the seismic anisotropy from Swave splitting provides a way to predict the locations of natural fracture swarms and the changes in the density of natural fracturing which can be used to optimize well locations.
Time difference anisotropy volumes were created from a time variant time shifting algorithm that resulted in a volume with values of the two-way travel time difference between corresponding seismic events in the S2 & S1 volume. The two-way travel time difference value at every sample was then applied to the S2 volume to shift it into S1 time. These volumes were created by the TerraMorphTM volume registration and warper package in Transform Software ( figure 13 ). This algorithm uses a windowed-based cross-correlation time-variant time shifting approach to shift every sample in each trace in the slow volume to the best correlated equivalent time in the fast volume. The resulting time variant time difference volume shows how much each individual sample was shifted. Areas with anomalously large or small shifts should correlate to areas that are densely or scarcely fractured respectively. However, this type of interpretation is only valid when looking for large scale changes that can be seen by a low-resolution tool. Since our reservoir is very heterogeneous, it understandable that these volumes do not correlate well with the well data as the time shift volume has very low resolution. These volumes are a compilation of all the time shifts in a trace. 
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